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Image-based point cloudDecision making on forest resources relies on the precise information that is collected using inventory.
There are many different kinds of forest inventory techniques that can be applied depending on the goal,
scale, resources and the required accuracy. Most of the forest inventories are based on field sample.
Therefore, the accuracy of the forest inventories depends on the quality and quantity of the field sample.
Conventionally, field sample has been measured using simple tools. When map is required, remote sens-
ing materials are needed. Terrestrial laser scanning (TLS) provides a measurement technique that can
acquire millimeter-level of detail from the surrounding area, which allows rapid, automatic and period-
ical estimates of many important forest inventory attributes. It is expected that TLS will be operationally
used in forest inventories as soon as the appropriate software becomes available, best practices become
known and general knowledge of these findings becomes more wide spread. Meanwhile, mobile laser
scanning, personal laser scanning, and image-based point clouds became capable of capturing similar ter-
restrial point cloud data as TLS. This paper reviews the advances of applying TLS in forest inventories, dis-
cusses its properties with reference to other related techniques and discusses the future prospects of this
technique.
 2016 The Authors. Published by Elsevier B.V. on behalf of International Society for Photogrammetry and
Remote Sensing, Inc. (ISPRS). This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).1. Introduction be used to calculate means and totals over area of interest or toForest resource information is gathered for planning and
managing of various ecosystem services at various user-levels,
from worldwide political decision making to operational forest
management, and at various scales, from countrywide assessments
to stand-level measurements. At the national and global scale, the
main goal of the inventory is to collect information on forested
area such as biomass, stem volume, biodiversity and changes in
these attributes. At the regional and forest holding level, it is
important to also collect information from timber harvesting
potential and from forest operations. To meet the goals of the
inventory, there are many different kinds of techniques depending
on the available resources and the required accuracy. Most of the
forest inventories are based on field samples. Field samples canaid remote-sensing-based forest mapping. Therefore, the accuracy
of the forest inventories depends on the quality and quantity of the
field sample.
Forest sample plots are typically a small forest area, e.g., circular
in shape with a radius varying from 4 m to 15 m. Tree information
is usually collected in forest field inventories through tree-by-tree
measurements. The main information consists of tree attributes
such as species, diameter at breast height (DBH) and tree height.
In the current inventory practices, tree-by-tree measures are
mostly aggregated to plot-level means and totals. For example,
the basal area per hectare is calculated from tree-level DBH mea-
surements and the aggregation is based on the sample plot size.
Conventionally, field sample has been measured using simple
tools, such as calipers and clinometers, and the advancement of
forest field inventories has been slow in the past. The situation
experienced a dramatic change in the last two decades because
of the introduction of terrestrial laser scanning (TLS), also known
as ground-based Light Detection and Ranging (LiDAR).
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technique in measuring tree-by-tree information in sample plots
in forest inventories: (1) The cost of the data acquisition and data
interpretation should be affordable. The costs originate mainly
from the equipment, time consumption of data acquisition (e.g.,
field work) and post-processing of the data. (2) The accuracy of
the tree attribute estimation should be at the same level or surpass
the conventional technique, or the gained added value from the
new technique should be significant. (3) The technique should
focus primarily on tree attributes that are important for forest
management decision-making at varying scales and time horizons.
These three factors interact intimately. The minimized cost often
leads to a smaller amount of tree attributes measured. The higher
accuracy often requires better data and the measurement costs are
on the increase consequently.
TLS automatically measures the surrounding three-dimensional
(3D) space using millions to billions 3D points. The major advan-
tage of using TLS in forest inventories lies in its capability to doc-
ument the forest rapidly, automatically and in millimeter-level
detail. The first commercial TLS system was built by Cyra Tech-
nologies (acquired by Leica in 2001) in 1998, and early works
related to tree attribute estimation in forest inventories were
reported around 2000 (Erikson and Karin, 2003; Lovell et al.,
2003; Hopkinson et al., 2004; Parker et al., 2004; Thies et al.,
2004; Henning and Radtke, 2006a). The initial motivation for using
TLS in forest inventories was to improve the work efficiency in the
sample plots, i.e., replacing manually measured tree attributes
with those retrieved automatically from TLS data. Therefore, TLS
has been used in collecting basic tree attributes in sample plots,
such as DBH and tree position (Bienert et al., 2006; Maas et al.,
2008; Vastaranta et al., 2009; Murphy et al., 2010).
More recently, TLS has been shown to be capable of determin-
ing high-quality tree attributes that are important but are not
directly measurable in conventional forest inventories, such as
stem volume and biomass components (total, stem and branches),
with accuracy levels that are similar to the best national allometric
models, such as in Yu et al. (2013), Kankare et al. (2013), Liang et al.
(2014), Astrup et al. (2014) and Newnham et al. (2015). TLS data
also permit time series analyses because the entire plot can be doc-
umented consecutively over time, such as in Liang et al. (2012a)
and Srinivasan et al. (2014). With these latest research results,
TLS has shown the possibility to improve the quality and quantity
of the reference data collected in the forest inventories.
It is worth to note that TLS is also a popular tool in forest ecol-
ogy. The use of TLS has been intensively studied, e.g., for the esti-
mation of leaf area index (Hosoi and Omasa, 2006; Strahler et al.,
2008; Jupp et al., 2009; Huang and Pretzsch, 2010; Hopkinson
et al., 2013; Zheng et al., 2013), gap fraction (Danson et al., 2007;
Seidel et al., 2012; Zhao et al., 2012; Cifuentes et al., 2014), canopy
radiation (Van der Zande et al., 2011; van Leeuwen et al., 2013),
crown structure (Moorthy et al., 2011; Bayer et al., 2013) and leaf
area distributions (Béland et al., 2011). TLS studies aimed at forest
ecology and forest inventories share certain common interests. For
example, the basic tree attributes, such as the tree species, tree
height, DBH and biomass, are collected in both research areas.
However, most tree attributes that are intensively used in forest
ecology are not measured in forest inventories, and vice versa, such
as the leaf area index and the stem curve.
This paper reviews the advances of using TLS in forest invento-
ries since TLS became available, discusses its properties with refer-
ence to other similar and competing techniques and highlights its
future prospects. Section 2 describes the TLS system, data andmea-
surement principles. Section 3 specifies methods and applications
of TLS in forest inventories. Section 4 reviews studies reported in
literatures. Section 5 reviews contemporary technologies that pro-
duce terrestrial point cloud and evaluates their advantages anddisadvantages. Section 6 discusses the prospects of using TLS in
forest inventories. The conclusions are summarized in Section 7.2. TLS system, data and measurement principles
Laser measurements have been utilized in standard surveying
application instruments for the past decades to measure object
geometry. A total station, for instance, is used by a field surveyor
to measure individual feature points with a high degree of accu-
racy. In the late 1990s, this manual and specific measuring mech-
anism was further developed into an automated and non-specific
documentation of the entire surrounding 3D space by dense 3D
measurements, i.e., terrestrial laser scanning.2.1. TLS system
TLS is a laser-based instrument that measures its surroundings
using LiDAR for range measurement and precise angular measure-
ments through the optical beam deflection mechanism to derive
3D point observations from the object surfaces.
Two main techniques are used for the range measurement in
current laser scanning systems: phase shift (PS) and time-of-
flight (ToF) methods. PS ranging makes use of continuous laser illu-
mination and amplitude modulation of the beam to discern the
range at high frequency. ToF utilizes precise timing for determin-
ing the range from the pulse time of flight and the speed of light.
In ToF, for each emitted laser pulse, the backscattered part of the
laser signal may be recorded at the receiver as just one return
exceeding the detection threshold or several returns (e.g., single,
first, last and intermediate). A multi-return system typically pro-
duces a much denser point cloud in comparison with a single-
return system, especially in a vegetated area, because the backscat-
tered signals may arise from targets inside of and/or behind vege-
tation. Besides discrete returns, a backscattered laser signal may be
consecutively digitized at the receiver, which gives a waveform
data. Waveform includes data representing interactions between
a laser pulse and targets in the laser beam direction, which can
potentially be used to retrieve additional information with respect
to discrete returns.
The scanning mechanisms enable TLS to capture very dense
(e.g., currently one million points per second) measurements in a
short period of time. In a typical TLS instrument, the scanner mea-
sures the surrounding environment stepwise using a fast vertical
mirror rotation and a slower horizontal instrument rotation, as
shown in Fig. 1. In the vertical direction, the laser beam starts,
for example, from the scanner zenith and rotates to the lowest
scanning position below the horizontal plane of the instrument.
Then, the laser beam continues to the scanner zenith on the other
side of the instrument. In the horizontal direction, the scanner
turns 180 and scans both sides of the instrument simultaneously.
More details on the scanning mechanism and measuring tech-
nique of TLS scanners can be found in Petrie and Toth (2009),
Reshetyuk (2009) and Vosselman and Maas (2011).
TLS hardware has experienced a rapid improvement in the last
two decades. The price, the size and the weight of the laser scan-
ners decreased rapidly, with the constantly increased spatial reso-
lution and the measurement speed. Currently, scanners provided
by manufacturers such as FARO, Leica Geosystems, Trimble and
Zöller & Fröhlich can measure up to one million points per second
at the range of 100–300 m and the ranging precision is at a mil-
limeter level. A digital camera is also commonly integrated to the
scanner to provide color information (in red, green and blue) for
the measured point cloud. The weight of a scanner can be just a
few kilograms, e.g., 5.2 kg in the case of the Faro Focus3DX 330.
Manufacturers typically have several options for the hardware,
Fig. 1. The scanning mechanism of the TLS scanner and the point cloud data.
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general, the prices range from 30,000 to 80,000 euros.
New TLS systems are continuously being developed. Such
advances may greatly benefit the processing chain. For example,
the ground-point classification is improved in a multi-return sys-
tem, as shown in Pirotti et al. (2013) and Calders et al. (2014),
e.g., because a large part of the vegetation points can be removed
by the return identifier. Dual-wavelength and hyperspectral TLS
is currently being investigated (Tanaka, 2004; Hakala et al., 2012;
Danson et al., 2014; Douglas et al., 2015; Puttonen et al., 2015).
The use of multiple wavelengths makes it easier to classify targets,
e.g., to separate leaf returns from the returns emanating from
stems, branches and the ground. Reflectance from different wave-
lengths also enables studying other biochemistry features related
to tree or leaves. The use of low-cost sensors to measure forest is
also being investigated, e.g., in Eitel et al. (2013) and Kelbe et al.
(2015).
2.2. System calibration
Systematic errors in laser scanners exist due to, e.g., imperfec-
tions in instrument manufacture and assemble. For example, rota-
tion axes are assumed to be mutually orthogonal and to be
intersected at a common point. In general these conditions are
not met in real systems (Lichti and Skaloud, 2010). Random errors
also accumulate. According to Soudarissanane et al. (2011), there
are four main factors that influence the individual point quality
in a point cloud, including (1) scanner mechanism, (2) atmospheric
conditions and environment, (3) object properties and (4) scanning
geometry.
Time-dependent changes associated with TLS and the TLS data
also exist. Changes of environment conditions and wearing may
introduce additional system errors. Instrument stability was tested
by examining short- and long-term additional parameters in Lichti(2007). Ten self-calibration data sets were captured over a
13-month period. Only three of the additional parameters were
found to be stable and significant differences were found over all
other short- (hours and days) and long-term (over the course of
13 months) periods. For more system error sources and models,
readers are refer to Thorsten (2007) and Lichti and Skaloud (2010).
TLS records intensities; however, currently, the backscattered
energy is difficult to be linked to objects’ properties. To improve
the usability, the incidence angle effect on intensity data using
TLS and laboratory instruments were investigated in Kukko et al.
(2008). In a continuing effort (Kaasalainen et al., 2011), the range
and incidence angle effects on the intensity measurement and
radiometric calibration for different scanners were investigated
to establish a correction scheme for both of these effects. In
Lehner and Briese (2010), the incidence angle effect was incorpo-
rated in the radiometric calibration workflow.
In general, TLS measurements provide accurate enough data for
most forest applications and the above mentioned systematic and
random errors are less considered in practice. Higher impact on
forest inventory accuracy originates from the methodologies and
data acquisitions for forest attribute measurements.
2.3. TLS data
Basic TLS data include the range between the instrument and
the object at each measuring position recorded by a laser rangefin-
der and two associated angles recorded by angular encoders. Addi-
tional attributes may be possibly associated with a point, e.g., the
strength of the backscattered energy.
TLS data are commonly presented in a point cloud or matrix for-
mat. The point cloud consists of a large amount of x, y, z coordi-
nates calculated from the original angle and range
measurements. The advantage of the point cloud format is that it
is recorded and provided by all TLS instruments. In other words,
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scanning hardware.
The matrix data are organized based on scanning mechanism. In
a typical data matrix, the vertical scan line i is assigned as column
i; the subsequent scan line i + 1 then moves to the right with an
increase in the horizontal angle. In each column, the vertical angle
decreases from top to bottom, corresponding to the scanner zenith
and feet. The entries in the matrix can be various direct or indirect
observations, such as the intensity, range and distance. The advan-
tage of the matrix format is that the 3D spatial distribution of the
points in the object space is implicitly expressed by the two-
dimensional (2D) spatial distribution of the pixels in the matrix.
Therefore, data processing (e.g., segmentation) that uses spatial
features in local 2D space functions similarly to that in the local
3D space, which requires less computation because the computa-
tional load typically increases exponentially with the dimension
growth. The data matrix is, however, not always available because
the row/column information may be deleted for noise removal and
data compression reasons. It is possible to reconstruct a data
matrix from the point cloud data if the scanner identifier exists.
The current TLS systems typically have a high spatial resolution.
The range resolution is a few millimeters at several tenths of
meters from the scanner, e.g., ±2 mm at 25 m. And the smallest
angular sampling steps are less than 0.01 in both horizontal and
vertical scanning directions. When using high angular resolution,
the adjacent laser foot prints overlap at a close range. For example,
given a beam diameter of 3 mm at the exit, a divergence of
0.22 mrad and an angular increase of 0.036 in both the horizontal
and vertical directions, the adjacent footprints are fully separated
at a distance of approximately 7 m from the scanning position. In
field measurements, a high scanning resolution is typically used
to record objects that are located far from the scanning position,
e.g., tree tops and trees that are several tenths of meters away from
the scanner. This leads to an inevitable high redundancy on objects
close to the scanner. Therefore, it is important to carefully design
the measurement geometry in the field according to the size, shape
and structure of the forest sample plot, as well as the expected
attributes from the TLS data. Data sampling is needed in certain
cases, such as in Puttonen et al. (2013).2.4. Data acquisition from sample plots
Three data acquisition approaches have been reported for
TLS-based forest inventories: single-scan, multi-scan andFig. 2. The scanning scenarios of the single-scan (a), multi-scan (b) and multi-single-scan
an asterisk. The positions of the trees are shown as solid circles. The reference targets are
indicate the scanning locations.multi-single-scan (MSS). The details of these three scanning
scenarios are illustrated in Fig. 2.
In the single-scan mode, the laser scanner is placed at the plot
center, creating only one full field-of-view (e.g., 360  310 degrees)
scan, and the trees are mapped from the single-scan point cloud. In
the multi-scan mode, several scans are made inside and outside of
the plot to collect more detailed point clouds that represent the
sample plot, and these scans are co-registered, e.g., by using artifi-
cial reference targets that are manually placed throughout the plot.
The MSS approach includes the elements from both single- and
multi-scan approaches. The scanning scenario is similar to that of
the multi-scan approach. Several scans are made inside and out-
side of the plots; however, reference targets are not used. Instead
of the data-level registration and merging individual datasets, dif-
ferent scans are registered at the feature level in the MSS approach.
The MSS method first detects and maps the individual trees in the
sample plot from each individual scan, and then merges the map-
ping results of the individual scans using the detected trees as ref-
erence objects to create an overall map of the sample plot. The
fundamental rule used in the combination of the mapping results
of several scans is to select an individual tree from the scan where
it receives the best visibility among all the scans.
Among the three approaches, the single-scan approach has the
simplest data acquisition setting and the fastest speed. A plot can
be measured within 20 min: a full field-of-view scan typically
takes 2–10 min, and it takes another 5–10 min to set up the scan-
ner. The major problem is that, in most cases, only parts of the
trees within the sample plot are scanned due to occlusion effects
from the other objects (e.g., trees, branches, bushes, etc.) in the
direction of the laser beams. The occlusion effect increases as the
range from the scanner increases, depending on the forest struc-
tures. Studies have shown that up to 40% of all trees in the sample
plot are not detectable from the plot center when using the single-
scan approach (Brolly and Kiraly, 2009; Murphy et al., 2010; Lovell
et al., 2011; Liang et al., 2012b; Astrup et al., 2014).
The multi-scan approach appears to be the most accurate tech-
nique for mapping forest sample plots. This approach has the
potential to map all trees, depending on the plot structure (e.g.,
age, density and species), and has the potential to provide full cov-
erage of the stem surface because the trees are scanned from sev-
eral directions. However, the multi-scan approach requires more
time in the field data acquisition and more efforts in the data pro-
cessing, e.g., the manual or semi-automated registration of several
scans. It usually takes approximately one hour to set up the scan-
ners and reference targets and to scan a plot using 4–5 scans. Also,(c). The sample plot is a circular area with radius R. The plot center is marked with
illustrated using stars, which are used only in the multi-scan TLS. The gray squares
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ent wind conditions cause problems for the multi-scan approach.
The MSS approach offers a compensation for the problem asso-
ciated with the occlusion effects because objects occluded in one
scan are likely be captured by other scans (Liang and Hyyppä,
2013). The workload for the MSS mapping scenario is lower in
comparison with the multi-scan approach because reference tar-
gets and data registration are not used in MSS. In addition, MSS
also minimizes the problem introduced by wind in the multi-
scan approach where trees may start to sway, because only one
scan is used for the estimation of tree attributes. The challenge of
applying the MSS method is the matching of multiple data sets.
For certain research purposes (e.g., allometric model develop-
ment), TLS data are acquired at a single tree level. When a single
tree is considered as the only studying target, a tree is the equiva-
lent of a plot. Therefore, the single- and multi-scan approaches are
also applicable to the collect data from a single tree using TLS. In
principle, the MSS approach can also be applied. MSS is less influ-
enced by the wind effects, especially under moderate and heavy
wind conditions. However, in allometric model development,
MSS becomes less necessary because the measurement can be
made in suitable environmental conditions (e.g., less windy) and
the occlusion effects have been minimized by scanning a tree from
several directions.3. Methods and applications
The terrestrial point cloud rapidly became a favorable data
source for tree modeling since the introduction of TLS because of
the fast and automated data acquisition process as well as the
3D and detailed depiction of standing trees.
3.1. Tree modeling methods
Tree models are the basis for the tree attributes estimation.
They are built at both the single-tree and plot levels. Two types
of tree modeling share certain common components and at the
same time require TLS data at different details.
3.1.1. Single tree modeling
Detailed tree models have great potential to be used in applica-
tions such as simulation, virtual reality and allometric model
development. Single tree modeling has been studied for a long
time in areas such as forestry, computer graphic and computer
vision. Before TLS became available, data sources were typically
photographs e.g., in Shlyakhter et al. (2001). The point cloud pro-
vides another data source to build a single tree model, such as in
Cheng et al. (2007). In remote sensing applied to forestry, single
tree modeling (Thies et al., 2004; Bucksch and Lindenbergh,
2008; Côté et al., 2009; Bucksch et al., 2010; Livny et al., 2010;
Bremer et al., 2013; Raumonen et al., 2013; Delagrange et al.,
2014; Hackenberg et al., 2014) and estimating single-tree attri-
butes (Lefsky and McHale, 2008; Bucksch and Fleck, 2011; Fleck
et al., 2011; Vonderach et al., 2012; Fernández-Sarría et al., 2013;
Hosoi et al., 2013; Kankare et al., 2013; Hackenberg et al., 2015)
have gained considerable popularity in recent years. In fact, single
tree modeling has nowadays become a multi-discipline convergent
point, where researches from computer graphic/vision, remote
sensing, forest ecology and forestry meet.
In single tree modeling, only one tree exists in the data and the
tree is recorded in the point cloud as comprehensively as possible
in order to construct a detailed and completed model. This hypoth-
esis is mostly confirmed in cases where trees completely (or
mostly) stand separately, such as urban roadside trees (Lefsky
and McHale, 2008; Vonderach et al., 2012), trees in a laboratory(Keightley and Bawden, 2010; Seidel et al., 2011), trees isolated
in the field (Côté et al., 2011; Moorthy et al., 2011) and trees man-
ually separated from the point cloud (Fleck et al., 2011). This
hypothesis is often jointly confirmed in cases where a single tree
is scanned from several directions, e.g., in Dassot et al. (2012),
Schilling et al. (2012) and Delagrange et al. (2014). For example,
every tree was scanned from three or four positions around it,
and the scans were co-registered using five reference spheres in
Dassot et al. (2012).
A single tree is typically modeled stepwise, e.g., from the tree
bottom. A small piece of tree trunk or branch is reconstructed
and the next piece is then modeled in the tree growth directions.
Typically, trees are modeled by a skeleton, circle, cylinder or other
geometric primitives.3.1.2. Individual tree modeling and mapping at the plot level
The objective of the individual tree modeling at a plot level is to
detect as many individual trees as possible in a plot and to extract
various tree attributes (e.g., DBH, height, species, biomass and stem
curve) from the 3D tree models. The final results for the plot-level
individual tree modeling typically are a 2D plot map and 3D tree
models of individual trees. Compared to the above described
single-tree modeling, individual tree modeling at a plot-level dif-
fers mainly in data acquisition strategy and the level of details
recorded in the data. In the single-tree modeling, one target tree,
or its equivalent, is scanned using several scans from different
directions to record the tree comprehensively, e.g., all branches.
In the plot-level study, a forest sample plot is the target of TLS data
collection and is scanned by one or several scans. Individual trees
in the plot are typically occluded by other objects and the tree
structure is usually incompletely recorded in the TLS data.
Individual tree detection is mandatory in the plot-level tree
modeling. Three main method types have been reported for the
detection of individual trees from TLS data at a plot level. They
are 2D-layer searching, range-image clustering and point-cloud
processing (Liang et al., 2012b).
In the 2D-layer searching technique, tree trunks are identified
by point clustering or circle finding (Aschoff and Spiecker, 2004;
Maas et al., 2008; Tansey et al., 2009; Lindberg et al., 2012), or
by waveform analysis (Strahler et al., 2008; Yao et al., 2011), in a
slice cut from the original point cloud. In order to construct the
slice at a particular height, a Digital Terrain Model is required.
An improvement is to repeat this procedure at several heights
and circular objects in the several slices cut at different heights
are marked as a detected tree.
In the range-image clustering method, pixels in the range image
are grouped according to local properties, e.g. the distance or sur-
face curvature (Haala et al., 2004; Forsman et al., 2012). This type
of method requires modest computation because the neighbor-
hood searching in 3D can be implemented in 2D. This method is,
however, difficult to implement in the merged multi-scan data if
the identifiers of the individual scans have been removed.
In the point-cloud processing method, individual points are
studied for their, e.g., geometric properties, and semantic interpre-
tations are made to identify the tree trunk (Liang et al., 2012b).
This technique requires the largest amount of computation among
three types of methods, but it can be applied in all kinds of point
cloud data.
After the detection of individual trees, the tree modeling step
shares similar concepts with the methods for the above mentioned
single tree modeling. However, the individual tree modeling pro-
cesses at a plot level need solutions to model trees where the point
cloud data are less ideal because of, e.g., occlusion effects, the low
point density and a high amount of noise at certain locations in the
plot, even the multi-scan mode is used.
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Tree models can be categorized into five different levels of
details (LoD) considering the richness of the tree attributes and
the cost of field data acquisition. Tree models at different LoDs
are used in different applications.
LoD 1 is the most simple 3D tree model. A tree is represented by
two basic tree parameters, i.e., DBH and tree height. In LoD 2, the
tree position and 3D model of the main stem are added to the
parameter list. LoD 3 provides additional details on the tree
branches, i.e., 2nd level branches that are directly connected to
the main stem. LoD 4 includes bushes around the tree and provides
further details on the tree branches, such as the 3rd level branches
that connected to the 2nd level branches. LoD 5 represents a 3D
tree model with the greatest amount of details. Tree leaves are
added to the model and all branch and bush details are
represented. The LoDs from 1 to 5 are illustrated in Fig. 3. TheFig. 3. Levels of details o
Table 1
The parameters and predecessors in the different levels of details of th
Level Details
Parameters
LoD 1  Tree height
 DBH
LoD 2  Tree position
 3D model of the main stem
LoD 3  2nd level branches (directly connected wit
LoD 4  3rd level branches (connected with the 2n
 Bushes
LoD 5  Leaves
 More details of branches (higher level bran
 More details of bushesparameters included in the different LoDs and their predecessors
are summarized in Table 1.
The 3D tree models that are used in forest inventories are
mainly LoD 1, 2 and 3. Conventional forest inventories produce
LoD 1 tree models. The DBH and tree height of all or selected trees
in a sample plot are manually measured. LoD 2, i.e., a 3D stem
model, holds a primary position in forest inventories because most
of the tree volume, biomass and value are concentrated in the
stems. LoD 3 is important and describes many timber quality
aspects. Models at LoD 3 are challenging to construct at the plot
level because the establishment of LoD 3 requires good data cover-
age from different viewpoints which leads to a rapid cost increase
in data collection. LoD 3 to 4 are used in single tree modeling
where more detailed information on tree branches are required.
LoD 5 tree model is usually studied in computer graphics; TLS data
is currently not suitable for recording the high level of tree details
required, e.g., all leaves.f the 3D tree model.
e 3D tree model.
Predecessor included
LoD 1
h the main stem) LoD 1 + LoD 2
d level branches) LoD 1 + LoD 2 + LoD 3
ches)
LoD 1 + LoD 2 + LoD 3 + LoD 4
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In forest inventories, TLS is mainly used in sample plot mea-
surements, Stand-level Forest Inventories (SFIs) and the establish-
ment of allometric models.3.3.1. Sample plot measurement
One main application of TLS in forest inventories is the plot-
level measurement, which provides the required attributes for,
e.g., National Forest Inventories (NFIs). In NFIs, tree attributes, such
as the DBH, species, tree class and canopy layer are measured from
every tree, and more attributes such as the tree height, diameter at
six meters (D6), age, bark thickness, lengths of timber assortments
and damages are measured from sample trees, e.g., every seventh
tree. Typical requirements on the accuracy level for those attri-
butes are 0–2 cm for DBH, 0.5 m for tree height, 1–3 cm for upper
diameters (e.g., D6), 0.5–2 m for tree locations, 10–20% for volume
and biomass, 5 years for age and 100% for tree species.
TLS is expected to provide part of those required attributes of
individual trees in the sample plot using automated methods. It
is more straightforward for TLS to collect structural attributes of
stems and canopies, such as the stem curve, the canopy layer
and the timber assortments at the required accuracy level, but it
is still challenging for TLS to measure other non-structural attri-
butes such as the age and the bark thickness. The species remained
as a main challenge to TLS, and solutions are expected from the
new generation of multi- and hyper-spectral scanners. More infor-
mation on the state of the art for the TLS-based tree attribute
extraction can be found in Section 4.3.3.2. Stand-level inventories (SFIs)
From the forest owner’s point of view, stand-level forest data
provide the most important information, which is used in manage-
ment plans and operational forestry (e.g., harvesting). Currently,
stand-level forest information consists of mean forest attributes
predicted using the so-called area-based approach (ABA), where
forest attributes in a 16-by-16 m grid are predicted and stand-
level attributes are aggregated based on the grid cells within each
stand. This approach requires a vast number of sample plots as
training data. Stand-level attributes have also been estimated
using relascope measurements from multiple locations within
each stand. Relascopes can be used to measure the basal area of
the surrounding trees, which can then be used to estimate volume
(m3/ha) based on knowledge of the tree species and their heights.
TLS could be used to acquire plot-level forest measurements
required in ABA, e.g., tree model at the LoD 1. In addition, TLS could
provide more attributes, such as quality and more detailed stem
curve information and timber assortments at the LoD 2 and 3,
which are not feasible to determine in the conventional fieldTable 2
Summary of the stem detection accuracy of the single-scan method reported in previous
Plot
Number Size
Thies and Spiecker (2004) 1 30  30 m
Maas et al. (2008) 3 15 m radius
Strahler et al. (2008) 1 50 m radius
Brolly and Kiraly (2009) 1 30 m radius
Murphy et al. (2010) 18 30  33 m or 25
15 10–20 m radius
Lovell et al. (2011) 2 20/50 m radius
Liang et al. (2012b) 9 10 m radius
Liang and Hyyppä (2013) 5 10 m radius
Olofsson et al. (2014) 16 20 m radius
a Three detection methods were discussed.measurement. Alternatively, TLS could also be used in the multi-
scan or MSS modes to collect data from the whole forest stand,
which would provide an accurate and detailed description of the
stand. The downsides of this approach are the costs of the data
acquisition and the substantial increase in computing power
required for the data processing and stand modeling.
3.3.3. Establishment and update of allometric models
Allometric models establish a relationship between tree attri-
butes, typically between attributes that are practically measurable
and non-measurable attributes, such as DBH and tree height or bio-
mass. Allometric models are conventionally constructed through
the destructive sampling of each sample tree, which is labor inten-
sive and expensive. Because of the high cost of the model develop-
ment, models only exist for certain areas and tree species. Using an
allometric model in areas with different climatic, geographic and
silvicultural conditions to those where the models were developed
may lead to large errors in the estimates (Liang et al., 2014).
TLS could be a vital option for acquiring data for developing
new allometric models. TLS has a rapid, non-destructive and auto-
mated measurement principle and is capable of measuring
millimeter-level detail. These properties perfectly match the
requirements for developing allometric models. More importantly,
updating allometric models will become easier because of the
decrease in the cost of model construction. The 3D tree models uti-
lized for allometric modeling mostly cover the 3D tree model at
LoDs 1 to 3.
In future, estimating tree attributes from TLS may reduce the
need for maintaining local allometric models because many tree
attributes will become directly measurable. However, in areas or
applications where TLS is unavailable, allometric models are still
the most practical way to predict tree attributes.4. Evaluation of tree attribute estimations utilizing TLS
The results listed in this section summarize the state-of-the-art
research from representative papers. However, this is not a rigor-
ous comparison. The results depend on many factors, such as the
forest structures, the instrument employed and the processing
methods, which are different in the different papers.
4.1. Stem detection and stem density
The detection of individual tree stems is a fundamental process
in sample plot measurements. The stem detection accuracy of the
single-scan TLS data at the plot level reported in previous studies is
summarized in Table 2. The detection rate decreases as the stem
density increases. In sparse forests with a stem density of 200–
400 stems/ha, above 80% of all trees within a plot can be located.references.
Result
Density (stems/ha) Detection rate (%)
555.6 22
212–410 86.7–100
130 40.2
753 62.9–72.3a
 40 m 207–570 59
153–326 82
124/477 54/68
509–1432 73
605–1210 73.4
358–1042 73.3
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hectare, the stem detection rate was approximately 70%.
In Yao et al. (2011), tests were carried out in 28 circular plots of
20–25m radius. The average stem detection rate within all test
plots was 42%. In Lindberg et al. (2012), tests were carried out in
6 sample plots, which were 80  80 m in size with a stem density
of 519–663 stems/ha. The average stem detection rate within all
test plots was 45.3%. In Astrup et al. (2014), tests were carried
out in 162 circular plots with an 8.92 m radius in twelve stands
with a stem density of 168–1050 stems/ha. The stand-level stem
detection rate varied between 60% and 90%.
Within a sample plot, the detection accuracy using single-scan
TLS has been reported to be a function of the range. In Liang
et al. (2012b), the detection rate in 9 circular plots with a 10 m
radius was reported to be 73%. When using a range of 5 m, the
accuracy improved to 85%. In Astrup et al. (2014), the fitted detec-
tion functions indicated that the decrease in the detection rate was
generally very pronounced at distances of approximately 6 m. The
detection rate decreased with increasing distance from the scanner
in single-scan TLS was confirmed in Olofsson et al. (2014).
Tree detection rates using the multi-scan mode vary between
62.1% and 100% depending on the forest structure and scanning
setup, e.g., in Maas et al. (2008). Similar tree detection rates can
be achieved using MSS and the multi-scan mode as shown in
Liang and Hyyppä (2013). The forest structure has a major impact
on the tree detection rates as showed in Kankare et al. (2015).
Semi-automated methods were also proposed, e.g., in Eysn et al.
(2013), for tree structure mapping using multi-scan data.4.2. DBH measurements
DBH is the most frequently measured and utilized tree
parameter and is considered to be the most important parameter
in forestry. The accuracy of the DBH measurements using the
single-scan approach at the plot level is summarized in Table 3,
as reported in previous references.
In Yao et al. (2011), the DBH estimation results were reported at
the tree level and mean plot level from the above-mentioned 28
plots. The root mean squared error (RMSE) of the DBH estimation
was 7.6 cm and 2.4 cm, respectively. In Liang et al. (2012a), the
DBH estimation results from 5 plots are reported at the tree level.Table 3
Summary of the plotwise DBH estimation using the single-scan data reported in previous
Plot
Number Size
Maas et al. (2008) 3 15 m radius
Brolly and Kiraly (2009)a 1 30 m radius
Liang and Hyyppä (2013) 5 10 m radius
Olofsson et al. (2014) 16 20 m radius
a Three detection methods were discussed.
Table 4
Summary of the plotwise tree height estimation reported in previous references.
Plot
Number Density (stems/ha)
Huang et al. (2011) 1 212
Hopkinson et al. (2004) 2 465, 661
Maas et al. (2008) 4 212–410
Fleck et al. (2011) 1 392
Liang and Hyyppä (2013) 5 605–1210
Olofsson et al. (2014) 16 358–1042
a For 9 selected trees.
b For 45 selected trees.The bias was 0.2 cm, and the RMSE was 1.3 cm. In Lindberg et al.
(2012), the DBH estimation results were reported at the tree level
from the above-mentioned 6 sample plots. The bias of the DBH
estimation in that study was 0.2 cm, and the RMSE was 3.8 cm.
In Maas et al. (2008), a DBH accuracy of 1.5 cm was reported
using multi-scan data from a 140-year-old forest. In Kankare
et al. (2015), automatic DBH measurements from the multi-scan
TLS data for diverse forest conditions were reported. The DBH
accuracy varied between 1.4 cm and 2.0 cm with an overall accu-
racy of 1.7 cm. In Liang and Hyyppä (2013), 5 circular plots of
20-m radius were measured using the MSS approach. The RMSE
of the DBH estimation was 0.9–1.9 cm.
The results from studies of different types of forests are highly
variable, indicating the need for more research on this topic.4.3. Tree height measurements
Tree height measurements using TLS for forest inventories have
not been thoroughly studied. This is most probably because the
uncertainty of the visibility of treetops in TLS data. Previous results
have shown that tree height is typically underestimated and that
the magnitude of the estimation error is typically several meters.
The results of the tree height measurements are summarized in
Table 4, as reported in previous references.
In Moskal and Zheng (2011), tree heights were measured from
single-scan TLS data in city forests. The RMSE of the tree height
estimation was 0.75 m at a tree level.
The direct measurement of tree height is very difficult because
treetops are commonly shadowed by other trees or parts of the
crown of the measured tree in the point cloud, i.e., the wide crowns
of tall trees do not allow a nearby scanner to detect the exact tree-
tops. The observation of tree tops from TLS data has been reported
for sparse sample plots using several scans, e.g., in Huang et al.
(2011) and Fleck et al. (2011). However, finding treetops from
TLS data in dense sample plots remains a challenge.
A topic that needs more discussion is the impact of the scanning
resolution on the possibility of adequately capturing treetops by
taking into account the slant range effect. Reliable height measure-
ments require point spacing at a 1–2 cm level at the treetops,
which allows for the possibility of obtaining a hit on the smallest
top branches. The multi-scan and MSS approach would improvereferences.
Result
Density (stems/ha) Bias DBH (cm) RMSE DBH (cm)
212–410 0.7 to 1.6 1.8–3.3
753 1.6 to 0.5 3.4–7.0
605–1210 0.2 to 0.8 0.7–2.4
358–1042 0.6 2.0–4.2
Data Result
Scan mode Bias (m) RMSE (m)
Multi 0.3 0.8
Multi 1.5
Multi/single 0.6a 4.6a
Multi 2.4b
MSS 1.3 2.0–6.5
Single 0.6 1.4–4.3
Single 0.1 4.9
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other hand, studies have shown that canopy penetration saturates
at angles of 23–27 degrees for airborne laser scanning (ALS), also
known as airborne LiDAR. The same is expected to hold for TLS
where the traverse path is reversed.
Currently, the magnitude of the estimation error implies that
the results of tree height estimation using TLS data are not yet
acceptable for operational forest inventories. More research is
needed to investigate the accuracy of TLS-based tree height esti-
mation. A possible solution for accurate tree height measurements
in sample plots is the combination of ALS and TLS observations,
where tree heights are measured using the ALS point cloud and
the tree positions are estimated using the TLS point cloud. This
possibility should be studied in the future.
4.4. Stem curve measurements
The tree stem curve, or stem taper, depicts the tapering of the
stem as a function of the height. The tree stem curve holds a signif-
icant position in forestry, as it is one of the most important attri-
butes for defining the stem value.
The non-invasive measurement of stem curves using TLS has
not been intensively studied. Pioneering work included nine pine
trees studied in Henning and Radtke (2006b) and one spruce tree
studied in Maas et al. (2008). The RMSE of the stem curve measure-
ments was 4.7 cm in Maas et al. (2008) using single-scan data.
In Liang et al. (2014). Twenty-eight trees, i.e., sixteen pine and
twelve spruce trees at different growth stages, were studied using
multi-scan data. The stem curves were automatically measured
from the TLS point clouds with a mean bias of 0.15 cm and a mean
RMSE of 1.13 cm at the tree level. At their maximum values, the
diameters were between 50.6% and 74.5% of the total tree height,
with a mean of 65.8% for the pine trees and 61.0% for the spruce
trees. For comparison, the stem curve was also manually measured
from the same point cloud data. The manual measurement yielded
a mean bias of 0.44 cm and a mean RMSE of 1.03 cm at the tree
level. The highest measured diameters ranged between 7.6% and
67.9% of the total tree height, with a mean of 47.1% for the pine
trees and 27.8% for the spruce trees.
These results show that the TLS data and automated processing
have the capability of accurately measuring the lower and most
valuable part of stems at different growth stages. The automated
processing clearly provided more diameter measurements at the
upper part of the stems compared with the manual measurements
using the same data. The difficulty associated with the manual
measurements from the point cloud data is that the stem edges
are difficult to locate when the stem is partly blocked in the data
by other objects, e.g., branches.
The DBH and stem curve of the study trees are nowadays com-
monly estimated using the same procedure. In the future, the stem
curve will become a measurable attribute for every standing tree
using TLS in forest inventories, similar to other attributes widely
used, e.g., DBH and tree height.
4.5. Stem volume estimation
The stem volume of six beech trees was studied up to a height
of 10 m in Pueschel et al. (2013). The volume from the multi-scan
TLS showed deviations that ranged from 2% to 6%, and compared
with 34% to 44% for the single-scan.
In Astrup et al. (2014), stem volume estimation using single-
scan TLS was reported. The bias of the automated estimates for
spruce, pine and birch trees was 68.0, 14.9 and 24.1 dm3, with
corresponding RMSE values of 175.1, 131.5 and 76.2 dm3, respec-
tively. Harvester-head-measured estimates were used as a refer-
ence for these evaluations, which contained some measurementerror related to calibration and slip. Stem volumes were also esti-
mated from the allometric volume functions (as functions of DBH
and tree height). In general, the estimates of the stem volumes
from these three methods were similar.
The stem volume was calculated using the automatically mea-
sured stem curve in Liang et al. (2014). The bias of the automated
stem volume estimation was 0.9 dm3 and 12.5 dm3 for pine and
spruce trees, respectively. The corresponding RMSE was 24.2 dm3
and 34.9 dm3, and RMSE% was 8.9% and 9.8%. The performance of
the volume estimates was evaluated by comparing this volume
to the volume predicted using the Finnish nationwide allometric
volume models developed in Laasasenaho (1982). The results show
that the developed automated stem volume measurement method
is as accurate as the best operationally used nationwide allometric
volume models.
Notably, volume estimates from TLS data do not require any pre-
dictors. All features are automatically retrieved fromthepoint cloud.
In fact, the sampling of tree attributes such as tree height is typically
applied on aplot level because of the difficulty of accuratelymeasur-
ing tree heights using conventional measurement tools. Therefore,
less accurate estimates can be expected in field inventories using
allometric volume models and inaccurate predictors.
In general more studies begun to show that the estimation of
the stem volume from TLS is as accurate as allometric volume
models and destructive measurements.
4.6. Biomass estimation
Biomass estimation typically relies on allometric models as a
function of tree species, DBH and tree height, provided biomass
models exist for a specific target area.
The automatic measuring of stem biomass using TLS was
reported in Yu et al. (2013). Stem biomass was predicted based
on a model developed from TLS estimates and was compared with
field measurements, as well as a biomass equation. The biomass
equation produced an RMSE% of 17.9%. For the model using the
reconstructed stem and corresponding derived stem volume as
the predictor, an RMSE% of 12.5% were achieved. A similar
approach could also be utilized for branch biomass estimation if
the point cloud of branches is sufficiently dense.
Kankare et al. (2013) utilized metrics derived from TLS point
cloud data to predict biomass components (stem and branches).
The results showed that branch biomass especially was signifi-
cantly improved compared with the existing biomass models. This
conclusion was confirmed in Hauglin et al. (2013). The overall
accuracy of the total above ground biomass was 12.9% and 11.9%
for Scots pine and Norway spruce, respectively. In Calders et al.
(2015), the above aground biomass was estimated for 65 Eucalyp-
tus leucoxylon, microcarpa and tricarpa using multi-scan TLS. An
RMSE% of 9.7% was reported.
The use of TLS measurements as a reference for an ALS-based
branch biomass model was studied in Hauglin et al. (2014). Only
a small increase (3%) in the accuracy of the crown biomass estima-
tion was recorded when TLS was used in ALS model training in
comparison with the estimation based on the ALS-derived DBH
and height using existing allometric models.
These results indicate that TLS measurements are capable of
assessing tree biomass with high automation and accuracy. TLS
data have a high potential to improve the establishment of the tree
biomass. Previously, this has not been widely studied. To collect
reliable reference data is a bottleneck.
4.7. Stem quality
Timber quality is a vital attribute of forest management plan-
ning due to its effect on the timber value and production potential.
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stem rot caused by, e.g., fungus, are the most influential tree-level
attributes that affect tree quality.
TLS has shown potential for the measurement of the stem form
(taper, sweep and lean) (Pfeifer and Winterhalder, 2004; Liang
et al., 2014) and bark characteristics (Kretschmer et al., 2013). In
Schütt et al. (2004), it was tested to detect and classify wood defects
from TLS data. In Stängle et al. (2014), it was indicated that external
bark quality attributes could be linked with the internal quality of
logs. In Kankare et al. (2014), various tree quality features of Scots
pineweremeasured using TLS data. The RMSEs for the lowest living
anddeadbrancheswere 9.6%and42.9%, respectively. The treeswere
also classified into three operationally important quality classes
(high-quality timber, timber and pulpwood) with accuracies of
95.0% and 83.6% based on field- or TLS-measured tree attributes,
respectively. The classification accuracies decreased slightly if the
numberofquality classeswas increased tofive,which isused inNFIs.
The prediction stem quality from TLS data was recently dis-
cussed. More emphases should be put on the evaluation of the
stem quality from TLS data in coming years.
4.8. Change detection
Changes to forests caused by natural forces and timber harvest-
ing constitute an essential input for many applications based on
the use of permanent sample plots. While many studies focus on
retrieving tree attributes, recording the changes in forest plots
using TLS data has not been conducted in details.
The automated detection of forest structural changes over time
using TLS data was reported in Liang et al. (2012a). In five forest
plots, 90% of the tree stem changes could be automatically
detected from the single-scan TLS data. These changes accounted
for 92% of the change in basal area. The bias of the DBH estimated
for the changed trees was 0.2 cm, and the RMSE was 1.3 cm.
In Srinivasan et al. (2014), tree biomass changes were discussed
in three pine-dominated plots. TLS data were collected at a three-
year interval using the single-scan TLS. The reference of the above
ground biomass was calculated using a national equation, as a
function of DBH. The change in the above ground biomass was cal-
culated using three methods, which yielded RMSE values between
10.1 kg and 13.0 kg at the tree level.
InMengesha et al. (2015), the tree volume increment over a two-
year period was evaluated using TLS data and conventional mea-
surements. The mean difference in the average plot volume incre-
ment between the conventional measurements and TLS data was
6.0% (4.8 m3/ha) when only the trees that were visible to the scan-
ner were analyzed. The difference increased to 8.1% (7.0 m3/ha)
when all the trees within the sample plots were evaluated.
These results indicate that major changes and associated chan-
ged features can be documented using multi-temporal TLS data.5. Point clouds from TLS and other technologies
TLS was the only practical tool to collect terrestrial point cloud
data in a forest environment ten to fifteen years ago. In the last five
years, more instruments have become capable of producing similar
point clouds. This trend continues, and new possibilities have been
introduced that may change the landscape of forest inventories in
the coming years.
5.1. Mobile and personal laser scanning
Mobile laser scanning (MLS) became a new source of terrestrial
point cloud data after 2010 (Hyyppä, 2011). Research is at an early
stage, such as in (Lin et al., 2010; Holopainen et al., 2013). MLS is amulti-sensor system operating on a kinematic platform. The laser
component consists of one or more laser-based-measurement
instruments. The positioning system typically includes a Global
Navigation Satellite System (GNSS) receiver and an inertial mea-
surement unit (IMU). The platform is typically a cross-country
vehicle, such as an all-terrain vehicle or skidoo.
Personal laser scanning (PLS) (Hyyppä et al., 2013; Liang et al.,
2015) is becoming possible due to the rapid sensor miniaturiza-
tion. In PLS, the positioning and scanning instruments are similar
to MLS and all of these instruments are carried, e.g., worn or held,
by the operator. Terrestrial point cloud data are collected simulta-
neously as the operator walks through the inventory site.
Both MLS and PLS data are georeferenced. However, the point
accuracy of these mobile systems is at a centimeter level and
highly influenced by the GNSS signal coverage, which is quite
instable under forest canopies. The advantage of MLS and PLS is
the possibility of mapping large areas. In principle, a 5 ha corridor
area can be covered in 15 min using MLS/PLS. The actual speed
depends on forest conditions. The overall stem-mapping accuracy
using MLS and PLS ranges between 80% and 92%. The bias% of
the DBH estimations varied between 2% and 5%, and the RMSE%
varied between 8% and 29% (Liang et al., 2015; Ryding et al.,
2015). These results are comparable with what achieved using
multi-scan TLS in sample plots with fixed radius.5.2. Image-based point clouds
Point clouds reconstructed from small baseline (highly overlap-
ping) images became practically available in the late 2000s due to
the rapid evolution of computing hardware (e.g., CPUs and GPUs)
and further improvements of the algorithms (e.g., structure from
motion or advanced image-matching algorithms). It was shown
lately that forest field plots could be measured using a consumer
camera with a 360 full-perspective image-based point cloud. In
typical field data measurements, an operator walks around the plot
and captures highly overlapping images using a hand-held camera.
In Liang et al. (2015), a sample plot was mapped from two map-
ping paths located inside and outside of the plot, and different
landscape/portrait image configurations were used. Five image
point clouds were generated and compared. The overall detection
accuracies of the image-based point clouds varied between 60%
and 84%. The bias% and RMSE% of the DBH estimation were
3.6% to 8.5% and 8.0–18.9%, respectively. The same plot was also
measured using PLS and MSS TLS approaches. The overall detection
rate of PLS was 92% compared with 100% in MSS TLS. The bias% and
RMSE% of the DBH estimation using PLS were 0.6% and 8.0%,
respectively. The bias% and RMSE% of the DBH estimates using
MSS TLS were 0.8% and 9.7%, respectively.
Alternatively, a point cloud of trees can be generated from a
fixed view point using specific camera configuration, e.g., several
cameras that have a certain displacement. In Forsman et al.
(2012), such a multi-camera system was described. Five calibrated
digital cameras were installed on a rig and images were acquired
simultaneously. A point cloud can be generated from the fixed
viewpoints similar to that generated from a moving scenario. The
DBHs of individual trees in the view of the cameras were estimated
with a RMSE of 2.1 cm.5.3. Characteristics and perspectives of different data sources
Currently, TLS, MLS, PLS and image-based point clouds, as well
as other image applications, are all available for conducting forest
inventories. Thus far, TLS has been shown to be capable of provid-
ing the most accurate tree attribute estimates among various point
cloud or image techniques.
Table 5
Comparison of image-based, TLS, MLS and PLS point cloud data.
Image-based TLS MLS/PLS
Equipment Size U
Weight U
Price U
Operational range U U
Field measurement Speed U
Complexity of point cloud generation U
Mobility U U
Attribute estimates Accuracy U
Wood quality estimation U
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mobility. PLS has even greater mobility than MLS. MLS and PLS
have the potential to significantly increase the field mapping effi-
ciency and the capability of collecting inventory data over large
areas. To date, the sizes of forest sample plots are small because
of the unacceptably high cost of collecting individual tree attri-
butes in large sample plots. MLS and PLS make it possible to map
large forested areas rapidly and conveniently. In the future, the vis-
ible area beside a single strip may serve as a forest plot. For exam-
ple, a 20–50 m long and 6–20 m wide strip may be used as a plot,
especially if ALS data are also utilized. Areas corresponding to vis-
ible trees will then to be utilized as the effective plot area.
The main advantage of the image-based point cloud is that the
data can be collected using low-cost, low-weight and small sized
hardware that is affordable and easy to use for both professional
and non-professional users. In addition, there is free software for
the processing of these data. Fully functioning software is being
developed, which may have a cost associated with it when it
becomes available. In the future we may see a situation where
the average person will be capable of carrying out forest invento-
ries. Therefore, the cost of field plot inventories could be signifi-
cantly reduced and the number of field plots may be greatly
increased.
Image-based, TLS, MLS and PLS point clouds were compared in
Table 5, based on the comparison in Liang et al. (2015). The favor-
able characteristics of the forest data collection are marked.
6. Discussion and outlook
TLS attracted interest as a technique for obtaining detailed tree
attributes for forest inventories soon after its introduction. The ini-
tial motivation for using TLS is to replace manually measured tree
attributes with those retrieved automatically from the TLS data.
Gradually, research has shown that TLS is capable of deriving tree
attributes that are not conventionally feasible to measure and is
capable of measuring forests in a way that is different from con-
ventional inventories. These findings indicate that TLS could be
used beyond the current scope of forest inventories. Currently,
there is no agreement on whether TLS will result in incremental
changes or revolutionary advances. To understand the future of
TLS in forest inventories, some key questions need to be answered
and these answers will shape the perspectives of research and
practices.
6.1. Single-scan as an effective way?
In forest inventories, there is a need for a large amount of field
reference data and a need to have all trees mapped within the
smallest reference unit. It is difficult and costly to manually mea-
sure a large number of plots in the field. TLS is anticipated by for-
esters to operate in the same way as conventional tools, i.e., to
measure all trees in a plot.The discussions thus far have been based mainly on this under-
standing. Consequently, the single-scan approach is considered a
less accurate approach compared with the multi-scan and MSS
approaches, because it only measures approximately 70% of the
trees in dense forests, though the accuracy of the tree attributes
measurement (e.g., DBH) is comparable with the other two scan
modes.
One research topic is therefore how to incorporate corrections
for the omission bias to estimate plot-level tree attributes by con-
structing a model based on the relationship between the trees in
the visible area of the single-scan TLS and the trees in the whole
sample plot. Corrections for undetected trees were derived based
on geometry in Strahler et al. (2008) and Lovell et al. (2011).
Ducey and Astrup (2013) suggested that tree size as well as multi-
ple stand structural characteristics may be factors to build the
model. In Astrup et al. (2014), three bias correction approaches
were tested and similar results were achieved.
Another possibility is to use the TLS field plot, which has been
less discussed thus far. In the TLS field plot, all visible trees from
the center scanning position are used as a reference, rather than
all trees in the sample plot. The TLS field plot should work espe-
cially when using individual tree based forest inventories, provided
the selected trees are representative of all the trees in the forest.
For example, single-tree-level references can be collected from
the TLS field plot and used to train airborne data; tree attributes
of all the trees inside the stand can thus be estimated from air-
borne remote sensing data. Single-scan data can also be collected
from multiple locations within forest and all the trees visible in
the data can be used to predict the mean values in the stand. This
protocol needs to be further explored and verified for feasibility
and validity. If it works, it may largely change the way in which
forest plots are measured.
6.2. The possibility of the large sample plot
A permanent sample plot in NFIs is typically a small area of the
forest, e.g., a circular area with a 10 m radius, because it is very
demanding and mostly impractical to collect forest inventory data
over a large area using conventional measurement methods, espe-
cially if the stem count per hectare is high. However, large sample
plots are desirable because a large sample plot not only provides a
more accurate and comprehensive understanding of the forest
environment but also facilitates the registration of ground refer-
ences and airborne remote sensing data (Liang and Hyyppä, 2013).
The multi-scan TLS approach can be used to document large
sample plots if automated registration methods work. This can also
be achieved by using the MSS approach. The challenge lies in the
automatic matching of two data sets with large radii, where the
common trees between two neighboring scans are limited and
may further decrease as the plot size increases because the stem-
detection accuracy decreases with an increase in the range of the
single-scan approach. Previous research showed that trees far from
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30 m in Brolly and Kiraly (2009), 40 m in Lindberg et al. (2012)
and 50 m in Lovell et al. (2011). If the detection accuracy does
not decrease dramatically at the far end of the plot, it is possible
to match two data sets with large radii. This possibility needs to
be explored and the practical size of a sample plot for mapping a
large area using TLS needs to be clarified.
In future, the size of the reference sample plots can be larger, or
even considerably larger, than what is the current size. MLS and
PLS have shown excellent capability in mapping large areas. TLS
would still be an attractive solution for mapping large areas if it
would be possible to do so based on a couple of statistic scans
using multi-scan and/or MSS approaches with large radii. This is
because TLS would have a similar capability of covering large areas
and the equipment is cheaper than MLS and PLS.
6.3. Improving the understanding of the forest using TLS
In the past, efforts have focused on retrieving tree attributes at
both the single tree and plot level. In the coming years, greater
emphasis needs to be placed on research that focus on how to inte-
grate these new detailed attributes into the value adding process-
ing chain.
The retrieval of information on individual trees across large
areas has been possible for a decade using ALS (Hyyppä and
Inkinen, 1999; Persson et al., 2002). To date, sample plots and tree
attributes, such as DBH and tree height, were measured to be used
as a reference to train the ALS data. It is possible to train the ALS
point cloud metrics for area-based variable predictions using more
tree attributes extracted from the TLS point clouds, such as stem
curve, volume and biomass. This new possibility has not been stud-
ied because acceptable results from TLS were just recently reported
and an automatic processing of a large number of plots with
diverse forest conditions is still missing.
The TLS data and automated processing techniques also offer
new possibilities for improving wood procurement. For example,
detailed stem quality information at the tree level, such as stem
sweep and merchantable length, has become available through
automated estimation. This information makes it possible to esti-
mate the value of stems based on any desired specification, e.g.,
market prices. In addition to the estimation of stem value, it is also
possible to plan the bucking of stems into logs using detailed stem
form/shape data and thereby optimize the overall profit. It is
important for this optimization to be performed before harvesting
to enable the planning and maximization of log size and profit at
the stand and forest estate levels. In the future, standing trees,
rather than piles of stems in the vicinity of factories, would then
serve as wood storage. The forest industry’s supply chain can thus
be optimized. New thinking for timber logistics and possibly stem
identification and follow-up services will be required to ensure the
cut stem is used as planned.
Meanwhile, the study of TLS technologies should be further
strengthened. Studies are needed to estimate additional tree attri-
butes, which extends the range of TLS applications and defines the
future use of TLS. For example, tree species information is neces-
sary for plot-level and stand-level estimates. TLS data have the
potential to determine tree species using either spectrum or wave-
form data or 3D points. Lack of automatic tree species classification
methods is limiting the use of TLS in sample plot measurements.
Other tree attributes that are closely related to the tree volume
and quality include the crown projection area and the first branch
height. These topics have seldom been discussed thus far. Investi-
gations should be made into the potential of applying TLS data to
estimate these attributes of individual trees at a plot level.
Plot-level changes over time require further investigation. Some
pioneer work on structure, volume and biomass changes wasreported (Liang et al., 2012a; Srinivasan et al., 2014; Mengesha
et al., 2015). More tests under diverse forest conditions, such as dif-
ferent regions, terrain, species and management activities, are
needed. Further studies are also needed to calibrate the bi-
temporal ALS data. The changes in the ALS data could be calibrated
using information obtained from TLS in permanent sample plots,
and bi-temporal ALS data could be used to map changes over a
large area.
6.4. Challenges of using TLS in operational forest inventories
From a practical point of view, the best practices of applying TLS
in forest inventories have not yet been established. The fixed scan-
ning resolution in the TLS measurement results in a decreased spa-
tial resolution as a function of the distance from the scanner. This
measurement principle and the fact that occlusion effects are com-
mon in forest environments raise many practical issues, such as the
maximummeasurement distance under different forest conditions
(e.g., structure, species, slope), the TLS setups (e.g., number, dis-
tances and geometry of the scanning locations), and the selection
of scanners. Previous studies mainly concentrated on the new
applications of TLS. Studies on the best practices associated with
the use of TLS in forest inventories are insufficient.
Some recent research was reported on practical aspects of using
TLS in forest inventories. In Ducey et al. (2013), visual interpreta-
tion indicated that a small-beam diameter led to better penetration
through low branches and understory vegetation. In Trochta et al.
(2013), two scanners located at a 40-m distance from each other
were shown to produce the best results when compensating for
the occlusion effects. The findings of these early studies need to
be further validated in more diverse forest conditions and larger
amount of sample plots.
Pre-scan preparations, such as the removal of lower tree
branches and the clearing of undergrowth, were performed in
some studies before the TLS campaigns. In some cases, such as in
a pre-harvest inventory, pre-scan preparations are common
because the undergrowth needs to be cleared for the harvester.
In other cases, such operations are either unacceptable or undesir-
able, for example, in conservation areas where the damage of trees
is forbidden, and in NFIs where extra field work should be
minimized.
Currently, it is not clear whether pre-scan preparations are a
necessary step in the TLS campaigns. Most of the studies attempted
to develop an automated method without any pre-scan prepara-
tions (Simonse et al., 2003; Thies and Spiecker, 2004; Hopkinson
et al., 2004; Watt and Donoghue, 2005; Maas et al., 2008; Tansey
et al., 2009; Lovell et al., 2011). The impact of the pre-scan prepa-
rations is currently unclear. In Murphy et al. (2010), it was found
that more extensive pre-scan preparations led to better tree attri-
bute extraction results. In Mengesha et al. (2015), however, prun-
ing of the lower branches did not improve tree recognition, and the
number of (partly) occluded trees remained the same. The need
and the impact of pre-scan preparations need to be clarified.
The knowledge of the best practices of applying TLS in forest
inventories is currently missing. General guidelines are required
for the utilization of TLS in an operational forest inventory.
6.5. Perspectives of using TLS for forest inventories
In general, there is sufficient evidence that TLS can be put into
practice. The current bottleneck is that no commercial software
is available and when it becomes available, it may be expensive.
Previous research has focused on automated processing technolo-
gies. In practice, the operational process for using TLS data in forest
inventories can also be performed in an interactive way. In such a
context, automated tools are used to map all trees, construct
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attributes. Because most of the TLS data are dense, visual inspec-
tion can improve the quality of the tree attribute estimates after
automated processing, e.g., improve models at LoD 2 to LoD 3. Lim-
ited, manually interactive work for all trees and plots is recom-
mended to extract tree attributes that are not retrieved from
automated processing. The amount of time spent on this would
be beneficial.
Today, TLS is mainly studied from the perspective that the
methodwill be used to automate inventories and the output is used
to calibrate ALS or space-borne data. Additionally, the TLS point
clouds could be extremely valuable to those planning silvicultural
operations because these point clouds reveal a lot of details that
are not providedby automated tools today. On the other hand, infor-
mation is now available to enable the generation of new allometric
models based on TLS data, provided the LoD-2 models are automat-
ically constructed and manually checked, and other information is
manually collected. Operational software allowing all of these oper-
ations would be extremely beneficial. Thus, the operational use of
TLS in forest inventory is a complex process if all the benefits of
the TLS data will be incorporated into the process.7. Conclusion
In the last decade, steady progress in the study of the applica-
tion of TLS in forest inventories has been witnessed. The tree attri-
butes that can be automatically estimated from terrestrial point
cloud data expanded from tree attributes that are widely used in
forest inventories to those that are not measurable using conven-
tional tools. The experiments on automated data processing were
first conducted in homogeneous forests and have increasingly been
conducted in forests with varying structures. The accuracy of tree
attribute estimates based on TLS data was demonstrated to be
acceptable for most countries, e.g., to be within 1–2 cm RMSE for
DBH estimates, and these estimates could be as good as those
based on the national allometric models. The developed methods,
experiments and techniques have demonstrated that TLS can be
practically used for collecting certain tree attributes in sample
plots accurately.
After a decade of active research, TLS has not yet been accepted as
an operational tool in forest inventories. Its application is hampered
mainly by difficulties in the automation of the point cloud process-
ing that provides convincing measurement results of the most
important forest inventory parameters. Up to now, there is still a
lack of automatic and accurate methods to detect some important
tree attributes such as tree species and height, which need further
studies. Other important factors that limit the use of this technology
include the relatively high cost of the instrument, the limited soft-
ware and the lack of personnel training. Additionally, it should be
noted that acceptable results obtained from using TLS for forest
inventories, from a forester’s perspective, have only recently been
presented. Therefore, it will take some time before foresters start
using TLS operationally, and sufficient time is required to build the
necessary software.
TLS used to be the only effective technique to acquire terrestrial
point cloud data for forest inventories. In the last few years,
mobile/personal laser scanning and image-based techniques have
become capable providing similar 3D point cloud data, and have
their own advantageous, e.g., lower cost when using image-based
techniques and high efficiency when using mobile/personal laser
scanning. Further studies need to demonstrate the added value of
using TLS, which most probably comes from the highly accurate
tree attribute estimates.
In the near future, TLS can be utilized in tree-by-tree measure-
ments in sample plots, with the aim of supporting ALS-based forestinventories or National Forest Inventories. TLS will likely challenge
the efficiency of conventional measurement methods. In other
application where the estimation of diverse tree attributes needs
to be very accurate, such as stem curve and above ground biomass
measurement, TLS will likely have a good chance of changing the
current measurement scenario.
Acknowledgements
The authors would like to thank financial aid from the Finnish
Academy projects ‘‘Centre of Excellence in Laser Scanning Research
(CoE-LaSR) (272195)”, ‘‘Interaction of Lidar/Radar Beams with For-
ests Using Mini-UAV and Mobile Forest Tomography” (259348),
and ‘‘Competence Based Growth Through Integrated Disruptive
Technologies of 3D Digitalization, Robotics, Geospatial Information
and Image Processing/Computing Point Cloud Ecosystem”
(293389) and from European Community’s Seventh Framework
Programme ([FP7/2007–2013]) under grant agreement No.
606971.
References
Aschoff, T., Spiecker, H., 2004. Algorithms for the automatic detection of trees in
laser scanner data. Int. Arch. Photogramm., Remote Sens. Spatial Inform. Sci. 36,
71–74.
Astrup, R., Ducey, M.J., Granhus, A., Ritter, T., von Lüpke, N., 2014. Approaches for
estimating stand-level volume using terrestrial laser scanning in a single-scan
mode. Can. J. For. Res. 44, 666–676. http://dx.doi.org/10.1139/cjfr-2013-0535.
Bayer, D., Seifert, S., Pretzsch, H., 2013. Structural crown properties of Norway
spruce (Picea abies [L.] Karst.) and European beech (Fagus sylvatica [L.]) in
mixed versus pure stands revealed by terrestrial laser scanning. Trees 27, 1035–
1047. http://dx.doi.org/10.1007/s00468-013-0854-4.
Béland, M., Widlowski, J.-L., Fournier, R.A., Côté, J.-F., Verstraete, M.M., 2011.
Estimating leaf area distribution in savanna trees from terrestrial LiDAR
measurements. Agric. For. Meteorol. 151, 1252–1266.
Bienert, A., Scheller, S., Keane, E., Mullooly, G., Mohan, F., 2006. Application of
terrestrial laser scanners for the determination of forest inventory parameters.
Int. Arch. Photogramm., Remote Sens. Spatial Inform. Sci. 36.
Bremer, M., Rutzinger, M., Wichmann, V., 2013. Derivation of tree skeletons and
error assessment using LiDAR point cloud data of varying quality. ISPRS J.
Photogramm. Remote Sens. 80, 39–50.
Brolly, G., Kiraly, G., 2009. Algorithms for stem mapping by means of terrestrial
laser scanning. Acta Silvatica et Lignaria Hung. 5, 119–130.
Bucksch, A., Fleck, S., 2011. Automated detection of branch dimensions in woody
skeletons of fruit tree canopies. Photogramm. Eng. Remote Sens. 77, 229–240.
Bucksch, A., Lindenbergh, R., 2008. CAMPINO—a skeletonization method for point
cloud processing. ISPRS J. Photogramm. Remote Sens. 63, 115–127.
Bucksch, A., Lindenbergh, R., Menenti, M., 2010. SkelTre. Visual Comput. 26, 1283–
1300.
Calders, K., Armston, J., Newnham, G., Herold, M., Goodwin, N., 2014. Implications of
sensor configuration and topography on vertical plant profiles derived from
terrestrial LiDAR. Agric. For. Meteorol. 194, 104–117. http://dx.doi.org/10.1016/
j.agrformet.2014.03.022.
Calders, K., Newnham, G., Burt, A., Murphy, S., Raumonen, P., Herold, M., Culvenor,
D., Avitabile, V., Disney, M., Armston, J., Kaasalainen, M., 2015. Nondestructive
estimates of above-ground biomass using terrestrial laser scanning. Methods
Ecol. Evol. 6, 198–208. http://dx.doi.org/10.1111/2041-210X.12301.
Cheng, Z.L., Zhang, X.P., Chen, B.Q., 2007. Simple reconstruction of tree branches
from a single range image. J. Comput. Sci. Technol. 22, 846–858.
Cifuentes, R., Van der Zande, D., Farifteh, J., Salas, C., Coppin, P., 2014. Effects of voxel
size and sampling setup on the estimation of forest canopy gap fraction from
terrestrial laser scanning data. Agric. For. Meteorol. 194, 230–240. http://dx.doi.
org/10.1016/j.agrformet.2014.04.013.
Côté, J.-F., Fournier, R.A., Egli, R., 2011. An architectural model of trees to estimate
forest structural attributes using terrestrial LiDAR. Environ. Model. Softw. 26,
761–777.
Côté, J.F., Widlowski, J.L., Fournier, R.A., Verstraete, M.M., 2009. The structural and
radiative consistency of three-dimensional tree reconstructions from terrestrial
lidar. Remote Sens. Environ. 113, 1067–1081.
Danson, F.M., Gaulton, R., Armitage, R.P., Disney, M., Gunawan, O., Lewis, P., Pearson,
G., Ramirez, A.F., 2014. Developing a dual-wavelength full-waveform terrestrial
laser scanner to characterize forest canopy structure. Agric. For. Meteorol. 198–
199, 7–14. http://dx.doi.org/10.1016/j.agrformet.2014.07.007.
Danson, F.M., Hetherington, D., Morsdorf, F., Koetz, B., Allgower, B., 2007. Forest
canopy gap fraction from terrestrial laser scanning. IEEE Geosci. Remote Sens.
Lett. 4, 157–160.
Dassot, M., Colin, A., Santenoise, P., Fournier, M., Constant, T., 2012. Terrestrial laser
scanning for measuring the solid wood volume, including branches, of adult
76 X. Liang et al. / ISPRS Journal of Photogrammetry and Remote Sensing 115 (2016) 63–77standing trees in the forest environment. Comput. Electron. Agric. 89, 86–93.
http://dx.doi.org/10.1016/j.compag.2012.08.005.
Delagrange, S., Jauvin, C., Rochon, P., 2014. Pypetree: a tool for reconstructing tree
perennial tissues from point clouds. Sensors 14, 4271–4289. http://dx.doi.org/
10.3390/s140304271.
Douglas, E.S., Martel, J., Li, Z., Howe, G., Hewawasam, K., Marshall, R.A., Schaaf, C.L.,
Cook, T.A., Newnham, G.J., Strahler, A., Chakrabarti, S., 2015. Finding Leaves in
the forest: the dual-wavelength echidna lidar. IEEE Geosci. Remote Sens. Lett.
12, 776–780. http://dx.doi.org/10.1109/LGRS.2014.2361812.
Ducey, M.J., Astrup, R., 2013. Adjusting for nondetection in forest inventories
derived from terrestrial laser scanning. Can. J. Remote Sens. 39, 410–425.
Ducey, M.J., Astrup, R., Seifert, S., Pretzsch, H., Larson, B.C., Coates, K.D., 2013.
Comparison of forest attributes derived from two terrestrial lidar systems.
Photogramm. Eng. Remote Sens. 79, 245–257. http://dx.doi.org/10.14358/
PERS.79.3.245.
Eitel, J.U.H., Vierling, L.A., Magney, T.S., 2013. A lightweight, low cost autonomously
operating terrestrial laser scanner for quantifying and monitoring ecosystem
structural dynamics. Agric. For. Meteorol. 180, 86–96. http://dx.doi.org/
10.1016/j.agrformet.2013.05.012.
Erikson, M., Karin, V., 2003. Finding tree-stems in laser range images of young
mixed stands to perform selective cleaning. In: Proceedings of the Scandlaser
Scientific Workshop on Airborne Laser Scanning of Forest, pp. 244–250.
Eysn, L., Pfeifer, N., Ressl, C., Hollaus, M., Grafl, A., Morsdorf, F., 2013. A practical
approach for extracting tree models in forest environments based on
equirectangular projections of terrestrial laser scans. Remote Sens. 5, 5424–
5448. http://dx.doi.org/10.3390/rs5115424.
Fernández-Sarría, A., VeláZquez-Martí, B., Sajdak, M., MartíNez, L., Estornell, J., 2013.
Residual biomass calculation from individual tree architecture using terrestrial
laser scanner and ground-level measurements. Comput. Electron. Agric. 93, 90–
97.
Fleck, S., Mölder, I., Jacob, M., Gebauer, T., Jungkunst, H.F., Leuschner, C., 2011.
Comparison of conventional eight-point crown projections with LIDAR-based
virtual crown projections in a temperate old-growth forest. Ann. For. Sci. 68,
1173–1185.
Forsman, M., Börlin, N., Holmgren, J., 2012. Estimation of tree stem attributes using
terrestrial photogrammetry. In: International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences. Presented at the XXII ISPRS
Congress, Melbourne, Australia, pp. 261–265.
Haala, N., Reulke, R., Thies, M., Aschoff, T., 2004. Combination of terrestrial laser
scanning with high resolution panoramic images for investigations in forest
applications and tree species recognition. Int. Arch. Photogramm., Remote Sens.
Spatial Inform. Sci. 34, 4.
Hackenberg, J., Morhart, C., Sheppard, J., Spiecker, H., Disney, M., 2014. Highly
accurate tree models derived from terrestrial laser scan data: a method
description. Forests 5, 1069–1105. http://dx.doi.org/10.3390/f5051069.
Hackenberg, J., Wassenberg, M., Spiecker, H., Sun, D., 2015. Non destructive method
for biomass prediction combining TLS derived tree volume and wood density.
Forests 6, 1274–1300. http://dx.doi.org/10.3390/f6041274.
Hakala, T., Suomalainen, J., Kaasalainen, S., Chen, Y., 2012. Full waveform
hyperspectral LiDAR for terrestrial laser scanning. Opt. Express 20, 7119.
http://dx.doi.org/10.1364/OE.20.007119.
Hauglin, M., Astrup, R., Gobakken, T., Næsset, E., 2013. Estimating single-tree
branch biomass of Norway spruce with terrestrial laser scanning using voxel-
based and crown dimension features. Scand. J. For. Res. 28, 456–469. http://dx.
doi.org/10.1080/02827581.2013.777772.
Hauglin, M., Gobakken, T., Astrup, R., Ene, L., Næsset, E., 2014. Estimating single-
tree crown biomass of Norway spruce by airborne laser scanning: a comparison
of methods with and without the use of terrestrial laser scanning to obtain the
ground reference data. Forests 5, 384–403. http://dx.doi.org/10.3390/f5030384.
Henning, J.G., Radtke, P.J., 2006a. Ground-based laser imaging for assessing three
dimensional forest canopy structure. Photogramm. Eng. Remote Sens. 72, 1349.
Henning, J.G., Radtke, P.J., 2006b. Detailed stem measurements of standing trees
from ground-based scanning lidar. For. Sci. 52, 67–80.
Holopainen, M., Kankare, V., Vastaranta, M., Liang, X., Lin, Y., Vaaja, M., Yu, X.,
Hyyppä, J., Hyyppä, H., Kaartinen, H., Kukko, A., Tanhuanpää, T., Alho, P., 2013.
Tree mapping using airborne, terrestrial and mobile laser scanning – a case
study in a heterogeneous urban forest. Urban Forest. Urban Greening 12,
546–553. http://dx.doi.org/10.1016/j.ufug.2013.06.002.
Hopkinson, C., Chasmer, L., Young-Pow, C., Treitz, P., 2004. Assessing forest metrics
with a ground-based scanning lidar. Can. J. For. Res. 34, 573–583. http://dx.doi.
org/10.1139/x03-225.
Hopkinson, C., Lovell, J., Chasmer, L., Jupp, D., Kljun, N., van Gorsel, E., 2013.
Integrating terrestrial and airborne lidar to calibrate a 3D canopy model of
effective leaf area index. Remote Sens. Environ. 136, 301–314.
Hosoi, F., Nakai, Y., Omasa, K., 2013. 3-D voxel-based solid modeling of a broad-
leaved tree for accurate volume estimation using portable scanning lidar. ISPRS
J. Photogramm. Remote Sens. 82, 41–48.
Hosoi, F., Omasa, K., 2006. Voxel-based 3-D modeling of individual trees for
estimating leaf area density using high-resolution portable scanning lidar. IEEE
Trans. Geosci. Remote Sens. 44, 3610–3618.
Huang, H., Li, Z., Gong, P., Cheng, X., Clinton, N., Cao, C., Ni, W., Wang, L., 2011.
Automated methods for measuring DBH and tree heights with a commercial
scanning lidar. Photogramm. Eng. Remote Sens. 77, 219–227.
Huang, P., Pretzsch, H., 2010. Using terrestrial laser scanner for estimating leaf areas
of individual trees in a conifer forest. Trees 24, 609–619.Hyyppä, J., 2011. Utilizing Individual Tree Information in Laser Assisted Forest
Inventory.
Hyyppä, J., Inkinen, M., 1999. Detecting and estimating attributes for single trees
using laser scanner. Photogramm. J. Finland 16, 27–42.
Hyyppä, J., Jaakkola, A., Chen, Y., Kukko, A., 2013. Unconventional LIDAR mapping
from air, terrestrial and mobile. In: Photogrammetric Week 2013, Stuttgart,
Germany, pp. 205–214.
Jupp, D.L.B., Culvenor, D.S., Lovell, J.L., Newnham, G.J., Strahler, A.H., Woodcock, C.E.,
2009. Estimating forest LAI profiles and structural parameters using a ground-
based laser called ‘‘Echidna”. Tree Physiol. 29, 171–181. http://dx.doi.org/
10.1093/treephys/tpn022.
Kaasalainen, S., Jaakkola, A., Kaasalainen, M., Krooks, A., Kukko, A., 2011. Analysis of
Incidence angle and distance effects on terrestrial laser scanner intensity:
search for correction methods. Remote Sens. 3, 2207–2221. http://dx.doi.org/
10.3390/rs3102207.
Kankare, V., Holopainen, M., Vastaranta, M., Puttonen, E., Yu, X., Hyyppä, J., Vaaja,
M., Hyyppä, H., Alho, P., 2013. Individual tree biomass estimation using
terrestrial laser scanning. ISPRS J. Photogramm. Remote Sens. 75, 64–75. http://
dx.doi.org/10.1016/j.isprsjprs.2012.10.003.
Kankare, V., Joensuu, M., Vauhkonen, J., Holopainen, M., Tanhuanpää, T., Vastaranta,
M., Hyyppä, J., Hyyppä, H., Alho, P., Rikala, J., Sipi, M., 2014. Estimation of the
timber quality of scots pine with terrestrial laser scanning. Forests 5,
1879–1895. http://dx.doi.org/10.3390/f5081879.
Kankare, V., Liang, X., Vastaranta, M., Yu, X., Holopainen, M., Hyyppä, J., 2015.
Diameter distribution estimation with laser scanning based multisource single
tree inventory. ISPRS J. Photogramm. Remote Sens. 108, 161–171. http://dx.doi.
org/10.1016/j.isprsjprs.2015.07.007.
Keightley, K.E., Bawden, G.W., 2010. 3D volumetric modeling of grapevine biomass
using Tripod LiDAR. Comput. Electron. Agric. 74, 305–312. http://dx.doi.org/
10.1016/j.compag.2010.09.005.
Kelbe, D., van Aardt, J., Romanczyk, P., van Leeuwen, M., Cawse-Nicholson, K., 2015.
Single-scan stem reconstruction using low-resolution terrestrial laser scanner
data. IEEE J. Sel. Top. Appl. Earth Observations Remote Sens. 1–14. http://dx.doi.
org/10.1109/JSTARS.2015.2416001.
Kretschmer, U., Kirchner, N., Morhart, C., Spiecker, H., 2013. A new approach to
assessing tree stem quality characteristics using terrestrial laser scans. Silva
Fennica 47. http://dx.doi.org/10.14214/sf.1071.
Kukko, A., Kaasalainen, S., Litkey, P., 2008. Effect of incidence angle on laser scanner
intensity and surface data. Appl. Opt. 47, 986. http://dx.doi.org/10.1364/
AO.47.000986.
Laasasenaho, J., 1982. Taper Curve and Volume Functions for Pine, Spruce and Birch
(Pinus sylvestris, Picea abies, Betula pendula, Betula pubescens). Finnish Forest
Research Institute.
Lefsky, M., McHale, M.R., 2008. Volume estimates of trees with complex
architecture from terrestrial laser scanning. J. Appl. Remote Sens. 2, 023521–
023521–19.
Lehner, H., Briese, C., 2010. Radiometric calibration of Full-Waveform Airborne
Laser Scanning Data based on natural surfaces. In: The International Archives of
Photogrammetry, Remote Sensing and Spatial Information Sciences, Vienna,
Austria, pp. 360–365.
Liang, X., Hyyppä, J., 2013. Automatic stem mapping by merging several terrestrial
laser scans at the feature and decision levels. Sensors 13, 1614–1634. http://dx.
doi.org/10.3390/s130201614.
Liang, X., Hyyppä, J., Kaartinen, H., Holopainen, M., Melkas, T., 2012a. Detecting
changes in forest structure over time with bi-temporal terrestrial laser scanning
data. ISPRS Int. J. Geo-Inform. 1, 242–255. http://dx.doi.org/10.3390/
ijgi1030242.
Liang, X., Kankare, V., Yu, X., Hyyppa, J., Holopainen, M., 2014. Automated stem
curve measurement using terrestrial laser scanning. IEEE Trans. Geosci. Remote
Sens. 52, 1739–1748. http://dx.doi.org/10.1109/TGRS.2013.2253783.
Liang, X., Litkey, P., Hyyppa, J., Kaartinen, H., Vastaranta, M., Holopainen, M., 2012b.
Automatic stem mapping using single-scan terrestrial laser scanning. IEEE
Trans. Geosci. Remote Sens. 50, 661–670.
Liang, X., Wang, Y., Jaakkola, A., Kukko, A., Kaartinen, H., Hyyppa, J., Honkavaara, E.,
Liu, J., 2015. Forest data collection using terrestrial image-based point clouds
from a handheld camera compared to terrestrial and personal laser scanning.
IEEE Trans. Geosci. Remote Sens. 53, 5117–5132. http://dx.doi.org/10.1109/
TGRS.2015.2417316.
Lichti, D.D., 2007. Error modelling, calibration and analysis of an AM–CW terrestrial
laser scanner system. ISPRS J. Photogramm. Remote Sens. 61, 307–324. http://
dx.doi.org/10.1016/j.isprsjprs.2006.10.004.
Lichti, D., Skaloud, J., 2010. Registration and calibration. In: Airborne and Terrestrial
Laser Scanning. CRC Press, Caithness, UK, pp. 83–133.
Lindberg, E., Holmgren, J., Olofsson, K., Olsson, H., 2012. Estimation of stem
attributes using a combination of terrestrial and airborne laser scanning. Eur. J.
Forest Res. 131, 1917–1931.
Lin, Y., Jaakkola, A., Hyyppä, J., Kaartinen, H., 2010. From TLS to VLS: biomass
estimation at individual tree level. Remote Sens. 2, 1864–1879. http://dx.doi.
org/10.3390/rs2081864.
Livny, Y., Yan, F., Olson, M., Chen, B., Zhang, H., El-Sana, J., 2010. Automatic
Reconstruction of Tree Skeletal Structures From Point Clouds. ACM Press,
pp. 1–8, http://dx.doi.org/10.1145/1866158.1866177.
Lovell, J.L., Jupp, D.L.B., Culvenor, D.S., Coops, N.C., 2003. Using airborne and ground-
based ranging lidar to measure canopy structure in Australian forests. Can. J.
Remote Sens. 29, 607–622. http://dx.doi.org/10.5589/m03-026.
X. Liang et al. / ISPRS Journal of Photogrammetry and Remote Sensing 115 (2016) 63–77 77Lovell, J.L., Jupp, D.L.B., Newnham, G.J., Culvenor, D.S., 2011. Measuring tree stem
diameters using intensity profiles from ground-based scanning lidar from a
fixed viewpoint. ISPRS J. Photogramm. Remote Sens. 66, 46–55.
Maas, H.G., Bienert, A., Scheller, S., Keane, E., 2008. Automatic forest inventory
parameter determination from terrestrial laser scanner data. Int. J. Remote Sens.
29, 1579–1593. http://dx.doi.org/10.1080/01431160701736406.
Mengesha, T., Hawkins, M., Nieuwenhuis, M., 2015. Validation of terrestrial laser
scanning data using conventional forest inventory methods. Eur. J. Forest Res.
134, 211–222. http://dx.doi.org/10.1007/s10342-014-0844-0.
Moorthy, I., Miller, J.R., Berni, J.A.J., Zarco-Tejada, P., Hu, B., Chen, J., 2011. Field
characterization of olive (Olea europaea L.) tree crown architecture using
terrestrial laser scanning data. Agric. For. Meteorol. 151, 204–214.
Moskal, L.M., Zheng, G., 2011. Retrieving forest inventory variables with terrestrial
laser scanning (TLS) in urban heterogeneous forest. Remote Sens. 4, 1–20.
Murphy, G.E., Acuna, M.A., Dumbrell, I., 2010. Tree value and log product yield
determination in radiata pine (Pinus radiata) plantations in Australia:
comparisons of terrestrial laser scanning with a forest inventory system and
manual measurements. Can. J. For. Res. 40, 2223–2233. http://dx.doi.org/
10.1139/X10-171.
Newnham, G.J., Armston, J.D., Calders, K., Disney, M.I., Lovell, J.L., Schaaf, C.B.,
Strahler, A.H., Danson, F.M., 2015. Terrestrial laser scanning for plot-scale forest
measurement. Curr. Forest. Rep. 1, 239–251. http://dx.doi.org/10.1007/s40725-
015-0025-5.
Olofsson, K., Holmgren, J., Olsson, H., 2014. Tree stem and height measurements
using terrestrial laser scanning and the RANSAC algorithm. Remote Sens. 6,
4323–4344. http://dx.doi.org/10.3390/rs6054323.
Parker, G.G., Harding, D.J., Berger, M.L., 2004. A portable LIDAR system for rapid
determination of forest canopy structure: portable LIDAR for canopy structure.
J. Appl. Ecol. 41, 755–767. http://dx.doi.org/10.1111/j.0021-8901.2004.00925.x.
Persson, A., Holmgren, J., Söderman, U., 2002. Detecting and measuring individual
trees using an airborne laser scanner. Photogramm. Eng. Remote Sens. 68, 925–
932.
Petrie, G., Toth, C.K., 2009. Terrestrial laser scanners. In: Topographic Laser Ranging
and Scanning: Principles and Processing, pp. 87–128.
Pfeifer, N., Winterhalder, D., 2004. Modelling of tree cross sections from terrestrial
laser scanning data with free-form curves. Int. Arch. Photogramm., Remote
Sens. Spatial Inform. Sci. 36, 76–81.
Pirotti, F., Guarnieri, A., Vettore, A., 2013. Ground filtering and vegetation mapping
using multi-return terrestrial laser scanning. ISPRS J. Photogramm. Remote
Sens. 76, 56–63. http://dx.doi.org/10.1016/j.isprsjprs.2012.08.003.
Pueschel, P., Newnham, G., Rock, G., Udelhoven, T., Werner, W., Hill, J., 2013. The
influence of scan mode and circle fitting on tree stem detection, stem diameter
and volume extraction from terrestrial laser scans. ISPRS J. Photogramm.
Remote Sens. 77, 44–56.
Puttonen, E., Hakala, T., Nevalainen, O., Kaasalainen, S., Krooks, A., Karjalainen, M.,
Anttila, K., 2015. Artificial target detection with a hyperspectral LiDAR over 26-
h measurement. Opt. Eng. 54, 013105. http://dx.doi.org/10.1117/1.
OE.54.1.013105.
Puttonen, E., Lehtomäki, M., Kaartinen, H., Zhu, L., Kukko, A., Jaakkola, A., 2013.
Improved sampling for terrestrial and mobile laser scanner point cloud data.
Remote Sens. 5, 1754–1773. http://dx.doi.org/10.3390/rs5041754.
Raumonen, P., Kaasalainen, M., Åkerblom, M., Kaasalainen, S., Kaartinen, H.,
Vastaranta, M., Holopainen, M., Disney, M., Lewis, P., 2013. Fast automatic
precision tree models from terrestrial laser scanner data. Remote Sens. 5, 491–
520. http://dx.doi.org/10.3390/rs5020491.
Reshetyuk, Y., 2009. Self-calibration and Direct Georeferencing in Terrestrial Laser
Scanning (Dissertation). Royal Institute of Technology, Stockholm, Sweden.
Ryding, J., Williams, E., Smith, M., Eichhorn, M., 2015. Assessing handheld mobile
laser scanners for forest surveys. Remote Sens. 7, 1095–1111. http://dx.doi.org/
10.3390/rs70101095.
Schilling, A., Schmid, A., Maas, H.-G., 2012. Tree topology representation from TLS
point clouds using depth-first search in voxel space. PE&RS 78, 383–392.
Schütt, C., Aschoff, T., Winterhalder, D., Thies, M., Kretschmer, U., Spiecker, H., 2004.
Approaches for recognition of wood quality of standing trees based on
terrestrial laser scanner data. Int. Arch. Photogramm., Remote Sens., Spatial
Inform. Sci. 36, 179–182.
Seidel, D., Beyer, F., Hertel, D., Fleck, S., Leuschner, C., 2011. 3D-laser scanning: a
non-destructive method for studying above-ground biomass and growth of
juvenile trees. Agric. For. Meteorol. 151, 1305–1311.
Seidel, D., Fleck, S., Leuschner, C., 2012. Analyzing forest canopies with ground-
based laser scanning: a comparison with hemispherical photography. Agric. For.
Meteorol. 154–155, 1–8. http://dx.doi.org/10.1016/j.agrformet.2011.10.006.Shlyakhter, I., Rozenoer, M., Dorsey, J., Teller, S., 2001. Reconstructing 3D tree
models from instrumented photographs. IEEE Comput. Graphics Appl. 21, 53–
61.
Simonse, M., Aschoff, T., Spiecker, H., Thies, M., 2003. Automatic determination of
forest inventory parameters using terrestrial laserscanning, pp. 252–258.
Soudarissanane, S., Lindenbergh, R., Menenti, M., Teunissen, P., 2011. Scanning
geometry: influencing factor on the quality of terrestrial laser scanning points.
ISPRS J. Photogramm. Remote Sens. 66, 389–399. http://dx.doi.org/10.1016/j.
isprsjprs.2011.01.005.
Srinivasan, S., Popescu, S.C., Eriksson, M., Sheridan, R.D., Ku, N.-W., 2014. Multi-
temporal terrestrial laser scanning for modeling tree biomass change. For. Ecol.
Manage. 318, 304–317. http://dx.doi.org/10.1016/j.foreco.2014.01.038.
Stängle, S.M., Brüchert, F., Kretschmer, U., Spiecker, H., Sauter, U.H., 2014. Clear
wood content in standing trees predicted from branch scar measurements with
terrestrial LiDAR and verified with X-ray computed tomography. Can. J. For. Res.
44, 145–153. http://dx.doi.org/10.1139/cjfr-2013-0170.
Strahler, A.H., Jupp, D.L.B., Woodcock, C.E., Schaaf, C.B., Yao, T., Zhao, F., Yang, X.,
Lovell, J., Culvenor, D., Newnham, G., 2008. Retrieval of forest structural
parameters using a ground-based lidar instrument (Echidna). Can. J. Remote
Sens. 34, 426–440.
Tanaka, T., 2004. Measurement of forest canopy structure by a laser plane range-
finding method improvement of radiative resolution and examples of its
application. Agric. For. Meteorol. 125, 129–142. http://dx.doi.org/10.1016/j.
agrformet.2004.02.008.
Tansey, K., Selmes, N., Anstee, A., Tate, N.J., Denniss, A., 2009. Estimating tree and
stand variables in a Corsican Pine woodland from terrestrial laser scanner data.
Int. J. Remote Sens. 30, 5195–5209.
Thies, M., Pfeifer, N., Winterhalder, D., Gorte, B.G.H., 2004. Three-dimensional
reconstruction of stems for assessment of taper, sweep and lean based on laser
scanning of standing trees. Scand. J. For. Res. 19, 571–581.
Thies, M., Spiecker, H., 2004. Evaluation and future prospects of terrestrial laser
scanning for standardized forest inventories. Int. Arch. Photogramm., Remote
Sens. Spatial Inform. Sci. 36, 192–197.
Thorsten, S., 2007. Calibration of a Terrestrial Laser Scanner for Engineering
Geodesy. Swiss Federal Institute of Technology in Zurich, Zurich.
Trochta, J., Král, K., Janík, D., Adam, D., 2013. Arrangement of terrestrial laser
scanner positions for area-wide stemmapping of natural forests. Can. J. For. Res.
43, 355–363. http://dx.doi.org/10.1139/cjfr-2012-0347.
Van der Zande, D., Stuckens, J., Verstraeten, W.W., Mereu, S., Muys, B., Coppin, P.,
2011. 3D modeling of light interception in heterogeneous forest canopies using
ground-based LiDAR data. Int. J. Appl. Earth Obs. Geoinf. 13, 792–800.
van Leeuwen, M., Coops, N.C., Hilker, T., Wulder, M.A., Newnham, G.J., Culvenor, D.
S., 2013. Automated reconstruction of tree and canopy structure for modeling
the internal canopy radiation regime. Remote Sens. Environ. 136, 286–300.
Vastaranta, M., Melkas, T., Holopainen, M., Kaartinen, H., Hyyppä, J., Hyyppä, H.,
2009. Laser-based field measurements in tree-level forest data acquisition.
Photogramm. J. Finland 21, 51–61.
Vonderach, C., Vögtle, T., Adler, P., Norra, S., 2012. Terrestrial laser scanning for
estimating urban tree volume and carbon content. Int. J. Remote Sens. 33, 6652–
6667. http://dx.doi.org/10.1080/01431161.2012.692888.
Vosselman, G., Maas, H.-G. (Eds.), 2011. Airborne and Terrestrial Laser Scanning,
repr. ed. Whittles, Dunbeath.
Watt, P.J., Donoghue, D.N.M., 2005. Measuring forest structure with terrestrial laser
scanning. Int. J. Remote Sens. 26, 1437–1446. http://dx.doi.org/10.1080/
01431160512331337961.
Yao, T., Yang, X., Zhao, F., Wang, Z., Zhang, Q., Jupp, D., Lovell, J., Culvenor, D.,
Newnham, G., Ni-Meister, W., Schaaf, C., Woodcock, C., Wang, J., Li, X., Strahler,
A., 2011. Measuring forest structure and biomass in New England forest stands
using Echidna ground-based lidar. Remote Sens. Environ. 115, 2965–2974.
http://dx.doi.org/10.1016/j.rse.2010.03.019.
Yu, X., Liang, X., Hyyppä, J., Kankare, V., Vastaranta, M., Holopainen, M., 2013. Stem
biomass estimation based on stem reconstruction from terrestrial laser
scanning point clouds. Remote Sens. Lett. 4, 344–353. http://dx.doi.org/
10.1080/2150704X.2012.734931.
Zhao, F., Strahler, A.H., Schaaf, C.L., Yao, T., Yang, X., Wang, Z., Schull, M.A., Román,
M.O., Woodcock, C.E., Olofsson, P., 2012. Measuring gap fraction, element
clumping index and LAI in Sierra Forest stands using a full-waveform ground-
based lidar. Remote Sens. Environ. 125, 73–79.
Zheng, G., Moskal, L.M., Kim, S.-H., 2013. Retrieval of effective leaf area index in
heterogeneous forests with terrestrial laser scanning. IEEE Trans. Geosci.
Remote Sens. 51, 777–786.
